Abstract: This paper proposes a system to trace resonance frequencies of Langevin type ultrasonic transducers. The system consists of a microcomputer, detecting circuits and a direct digital synthesizer. Fabrication of the system is reported.
I. INTRODUCTION
Strong ultrasonic vibration is applied for mechatronics fields such as sensors, actuators and so on. Widely, Langevin type ultrasonic transducers have been applied. The transducer generates longitudinal vibration. To use the mechanical vibration efficiently, the transducer is operated at resonance frequency. The resonance frequency is decided by length of the transducer. Microscopically, however, the frequency fluctuates due to environmental factors such as temperature, applied voltage and so on. If the operating frequency was differed from the resonance one, the vibration amplitude is reduced.
To avoid the amplitude reduction and trace the resonance frequency, many methods, such as oscillating circuit including the transducer [1] and negative feedback [2] , have been proposed. These methods employed analog circuits. In this research, the system was developed using digital circuits, namely a microcomputer. The micro computer controlled the operating frequency to meet mechanical resonance frequency of the transducer during its operation. It is easy to add intelligent functions to the microcomputer. This point is advantage of use of it.
A system to trace the resonance frequency of the ultrasonic transducer was proposed. The system consisted of the microcomputer, detecting circuits and a direct digital synthesizer. The system has also connection with an LCD ,a host computer and so on as the intelligent function. The proposed system was fabricated. Sample Langevin type ultrasonic transducers were driven practically by the system.
Step responses of the oscillating frequency were observed as the system performance evaluation. Vibration amplitude modulation was also tested using the system. These experimental results are described in this paper. Figure 1 indicates structure of an example Langevin Type ultrasonic transducer. The transducer consists of metal blocks and PZT elements. The elements with electrode films are bolt-clamped by the blocks. When alternative voltage is applied to the element, longitudinal vibration is generated. Larger vibration amplitude can be observed at resonance frequency. In the case of resonance at first order, vibration node lies in the middle of the transducer, around the PZT elements. Vibration loops are located on edges of the transducer. For some application, one of the two metal blocks Horn Tail block PZT Vibration amplitude while the top of the hone was contacted with an object was also measured. The transducer was contacted vertically with a transparent object (an acrylic resin) with a contact load. The vibro-meter laser beam was irradiated through the resin, as shown in Fig. 3 . Through the measurement, operating frequency was swept with a constant driving voltage. Frequency responses of the vibration amplitude with the change of contact load were plotted in Fig.  4 . Current phases were also plotted in the figure. Local peaks of the amplitude meant resonance frequencies. It can be seen that resonance frequency was shifted according to the contact load. Current phase changed dramatically around the resonance and met a certain value (around 0 [deg]: same as the previous result) at the resonance frequency. The contact point can be modeled and described as a spring and a damper [3] , as shown in Fig. 5 . In this model, the natural frequency can be described by
II. LANGEVIN TYPE ULTRASONIC TRANSDUCER
With a larger stiffness or smaller damping coefficient, larger difference of the natural frequency is observed. Moreover, environmental factor such as temperature, supporting condition or aging of components may cause the resonance frequency shift.
III. RESONANCE FREQUENCY TRACING SYSTEM

A. Overview
As described in the previous section, resonance frequency of the Langevin type ultrasonic transducer changes according to the various reasons. To keep strong vibration, resonance frequency should be traced during the operation of the transducer. In this research, we proposed a tracing system based on current phase measurement. A microcomputer was applied for the measurement. Tracing algorithm was also embedded in the computer. Other intelligent function such as communication with other devices can be installed to the computer. Therefore, this system has extensibility according to functions of the computer.
Overview of the resonance frequency tracing system is illustrated in Fig. 6 . The system consisted of a computer unit, an amplifier, voltage/current detecting circuit and a wave forming circuit. The computer unit included a microcomputer (SH-7045F), a direct digital synthesizer (DDS) and a COM port. The computer was connected to a LCD, a PS/2 keyboard and an EEPROM to execute intelligent functions.
B. Oscillator unit
To oscillate driving voltage, sinusoidal wave, the DDS was used. The synthesizer outputs digital wave amplitude data directly at a certain interval, which is much shorter than the cycle of the sinusoidal wave. The digital data is converted to analog signal by an AD converter inside. The frequency of the wave is decided by a parameter stored in the synthesizer. The parameter can be modified by an external device through serial communication. In this system, the synthesizer was connected to the microcomputer through three wires, as shown in Fig. 7 . The DDS unit included the AD converter and a LPF. Voltage of the generated sinusoidal wave was amplified and arranged by an analog multiplier (AD633). To control the voltage, the unit had an external DC input VR1 and a volume VR2. Multiplying result W was described as
The result was amplified. Arranging the DC voltage of VR1 and VR2, the amplitude of the oscillated sinusoidal wave could be controlled continuously.
C. Detecting unit
To measure phase difference between applied voltage and current, amplified driving voltage was supplied to the ultrasonic transducer through a detecting unit illustrated in Fig.  8 . The applied voltage was divided by a variable resistance, filtered and transformed in to rectangular wave by a comparator. The comparating result was transformed into TTL level pulses. The current flowing to the transducer was detected by a hall element. Output signal from the element was filtered and transformed in the same manner as the voltage detecting. Phase difference of these pulse trains was counted by the microcomputer.
To monitor amplitude of the voltage and the current, half-wave rectification circuits and smoothing circuits were installed in the unit. Voltages of the output signals were sampled by AD converters of the microcomputer.
D. control unit
A control unit was comprised of the microcomputer, a keyboard, an LCD, a COM port and an EEPROM, as described in Fig. 9 . Commands to control the computer could be typed using the keyboard. Status of the system was displayed on the LCD. A target program executed in the computer was written through the COM port. Control parameters could be stored in the EEPROM. The system had such intelligent functions.
The pulses transformed in the detecting unit were inputted to a multifunction timer unit (MTU) of the microcomputer. T c (the time between rising edges of P E ) and T I (the time between rising edge of P E and declining edge of P I ) were measured by the unit, as illustrated in Fig. 10 The updated frequency was transmitted to the DDS. Repeating this loop, the operating frequency could approach resonance frequency of transducer.
E. Resonance frequency tracing system
The microcomputer, DDS, volume control circuit, voltage/current detecting circuits, EEPROM and LCD were packaged in a case for their stable operation. The amplifier was connected to the case as illustrated in Fig. 11 . The ultrasonic transducer to be operated can be connected to the case.
IV. SAMPLE TRANSDUCERS
In this section, sample transducers are introduced. Two types of ultrasonic transducers were used for evaluation experiments in the next section.
A. A bolt-clamped Langevin type transducer with a horn
A bolt-clamped Langevin type transducer illustrated in Fig. 12 was prepared as Sample transducer A. piezoelectric elements were clamped by a tail block and a hone block. The blocks were stainless steel. One vibration node was located in the middle. To support, the transducer was bound by a silicon rubber supporter on the node. Frequency response of vibration velocity and current phase with applied voltage of 5 V 0-p were plotted in Fig. 13 . Current phase coincided with 0 at resonance frequency. Q factor was 300. The current phase response had the slope of -1.5 [deg/Hz] around the frequency.
B. A Langevin type transducer with blocks.
Sample transducer B was designed to generate strong vibration field. The Langevin type transducer was connected to a supporting block so that a flange could be fixed. A horn block was connected to another end of the supporting block to output the strong field. The structure is illustrated in Fig. 14 . The supporting block and the horn block were aluminum. Frequency response of vibration velocity and current phase with applied voltage of 5 V 0-p were plotted in Fig. 15 . Current phase was 0 at resonance frequency. Q factor was 1790. The current phase response had the slope of -9 [deg/Hz].
V. DRIVING OF TRANSDUCERS
The sample transducers were driven by the resonance frequency tracing system. In the system, averaging factor N a was 8. To evaluate the system characteristic, step responses were observed. Then amplitude modulation of the vibration amplitude was tried as application.
A. Step responses
At first, the operating frequency was differed from the resonance. Then, the tracing was started as step input. The transient response of the oscillating frequency was observed as a step response. The oscillating frequency was measured by a modulation domain analyzer in real time. Figure 16 shows the observation result of Sample transducer A. With each K p , the oscillating frequencies in steady state were 31.93 kHz. The measured resonance frequency under the same condition had been also 31.93 kHz. A settling time with K p of 1/4 was 40 ms, it was evaluated from the time settled within ±2 % of steady state value.
For Sample transducer B, its resonance frequency was traced by the system. The oscillating frequency was fluctuating due to its high Q factor. It seems that the frequency is unstable if the proportional gain K p is much greater than absolute value of the inverted phase response slope mentioned in the previous section (i.e. K p > |1/S|; S is the slope of the current phase response in Fig. 13 or Fig. 15 ). To realize stable tracing, differential member was employed for the calculation of f n+1 as,
where K d is differential gain. The differential was calculated as difference between sampled phases. To reduce calculation error in acquiring the difference, the phase was also measured as averaged result in the actual operation. The step response was observed and plotted in Fig. 17 around 40 ms. Employing differential member, the system could have stable tracing for the ultrasonic transducer with high Q factor.
B. Amplitude modulation
In ultrasonic vibration application for mechatronics, sometimes, control of vibration amplitude is required. To control the amplitude (or vibration velocity), analog multiplying function described in Section III was utilized.
Amplitude of the driving voltage to the sample transducer B was modulated by a sinusoidal wave with the frequency of 0.6 Hz. The measured current and vibration velocity were plotted in Fig. 18 with the modulation signal. It can be seen that the vibration amplitude (vibration velocity) was controlled according to the signal.
Phase delay was observed in the figure. Frequency response of the amplitude modulation was observed by using a frequency response analyzer and a lock-in amplifier. The observed response was plotted in Fig. 19 . It can be seen that phase delay of 45 deg was observed at 1 Hz. The reason seems to be due to high Q factor.
VI. CONCLUSION
The system to trace resonance frequencies for Langevin type ultrasonic transducers was proposed. The tracing system was fabricated and consisted of a microcomputer, detecting circuits and a direct digital synthesizer.
Step responses of the system in application for sample Langevin type transducers were observed. Settling time was around few tens ms. Vibration amplitude modulation was also demonstrated. As results, performance of the developed system was indicated.
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